The new Ni-Fe-based superalloy DT706, derived from INCONEL 706, is the object of studies for potential uses in turbine-disk applications at temperatures above 973 K. This alloy aims at improving the microstructural stability while preserving the excellent machinability and good mechanical properties of the base material. This article is the first of a two-part study concentrating on the characterization of the microstructure of the DT706 precipitates, depending on the heat-treatment conditions. Analyses were performed by means of ex-situ small-angle neutron scattering (SANS) measurements, together with conventional scanning electron microscopy (SEM) and transmission electron microscopy (TEM) microscopy, on experimentally-heat-treated samples. The results, when compared to a similar analysis previously made on INCONEL 706, showed that the precipitation characteristics of DT706 reflect compositional changes, but are still remarkably dependent on the cooling stages between the different heat-treatment steps.
I. INTRODUCTION
RECENTLY, an advanced, wrought Ni-based superalloy, DT706, was developed for use in steam-turbine-rotor applications at projected operating temperatures above 973 K. [1, 2] The present article deals with the microstructural characterization and heat-treatment optimization of DT706.
The alloy chemistry of DT706 is derived from the composition of INCONEL* 706, [3] a wrought Ni-Fe-based super- alloy, which is widely used in gas turbines as disk material. [4] The austenitic matrix of INCONEL 706 (␥ phase) is strengthened by the precipitation of extremely fine, coherent, and ordered Ni 3 X-type intermetallic phase compounds of two different types, namely, the ␥Ј (fcc L1 2 crystal structure, X ϭ Al) and the ␥ Љ (bct DO 22 structure, X ϭ Nb) phases. In both ␥Ј and ␥ Љ phases, other elements (mainly Al, Nb, and Ti) can partially substitute for the X atom, so that the real compositions of the two intermetallics are more complex. Usually, ␥ Љ precipitates in INCONEL 706-and INCONEL 718-type alloys are often associated with ␥Ј, as the L1 2 particles are potential nucleation sites for the DO 22 phase. Thus, along with the single-phase ␥Ј and ␥ Љ particles, a combined form of the two precipitates, a so-called "coprecipitate," can also be present in the microstructure, depending on the heat-treatment condition of the alloy. The morphologies of different coprecipitates have been reported in the literature, and the terminology introduced by Cozar and Pineau, [5] which distinguishes between the "compact" morphology (i.e., a cube-shaped ␥Ј particle coated with ␥Љ on all six facets) and the "noncompact" type (where ␥Ј particles are covered by one or two ␥Љ disks), are generally accepted and will be followed in this article. A schematic representation of both the compact and the noncompact types is shown in Figure 1 . The ␥Ј/␥Љ precipitate system (in which the volume fraction of ␥Ј and ␥Љ is usually about 15 to 20 pct) produces an extremely effective strengthening in INCONEL 706 for temperatures up to 873 K. Unfortunately, both ␥Ј and ␥Љ phases are metastable in INCONEL 706 at temperatures above 873 K, and long exposures tend to transform them into either phase (Ni 3 Ti, having an ordered hcp, DO 24 structure) or ␦ phase (Ni 3 Nb, with an orthorhombic DOa structure), leading to a dramatic loss in the alloy strength. [6, 7, 8] Although all the Ni 3 X-type phases have different crystal structures, they actually involve different stackings of the close-packed planes, where the atoms are arranged in alternate rows of A-A and A-B atoms. [9] Since the close-packed planes are also the principal slip planes, the passage of a dislocation can disrupt the stacking sequence and, therefore, locally form a nucleus of a different crystal structure. For instance, a fault in the metastable L1 2 structure of the ␥Ј phase represents a nucleus of the stable DO 24 phase. The transition from one phase to the other is also affected by the affinity for different chemical species in ␥Ј, ␥Љ, , and ␦ phases, and a thermally stable microstructure directly depends on the ␥Ј and ␥Љ precipitation sequence, which is, in turn, related to the Al, Ti, and Nb contents of the alloy.
Moreover, previous studies [10, 11, 12] have shown that the grain-boundary microstructure plays an important role in the environmentally-induced crack propagation at high temperatures, known as the stress-accelerated grain-boundary oxidation (SAGBO) phenomenon. The investigation of crack propagation in INCONEL 706 showed that the precipitation of discontinuous plates at the grain boundaries is fundamental to ensuring a good creep-crack growth resistance in the temperature range 873 to 1023 K. [6] On the basis of these observations, the chemistry of INCONEL 706 was modified with the aim of stabilizing the ␥Ј phase over the ␥Љ. Notwithstanding the low diffusivity of Nb, the coarsening kinetics of ␥Љ at the desired service temperatures is generally fast, probably due to the large misfit with the matrix. Further, the presence of large ␥Ј particles favors the formation of compact-type ␥Ј/␥Љ coprecipitates, which are found to be much more stable than the noncompact-type coprecipitates on prolonged aging. [5] The aluminum and titanium contents in the experimental DT706 alloy were, therefore, specifically enhanced, in order to shift the Al/Ti and the (Al ϩ Ti)/Nb ratios toward higher values, as these changes are reported to increase the volume fraction and the size of the ␥Ј precipitates and decrease these values for the ␥Љ precipitates. [5, [13] [14] [15] [16] In addition, the iron and chromium contents were also modified, in order to improve the oxidation and corrosion resistance at the service temperature, while preserving the good manufacturability and machinability of the INCONEL 706 alloy. However, the modification of the chemical composition alone represents just the firstdevelopment step in reaching the desired microstructure. The other determining factor is the proper design of the heat-treatment cycle, which requires a comprehensive understanding of the precipitation behavior of the alloy. In particular, it is essential in determining how the exposure of the alloy in the range between solutioning and room temperature affects the nucleation and growth kinetics of the individual phases, the precipitation sequence, and the phase transformation mechanisms. The lack of information about DT706 makes the characterization of the precipitation behavior very intensive and challenging work, which was performed by combining two complementary investigating techniques: the conventional microstructural examination by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), plus small-angle neutron scattering (SANS).
This article presents the microstructural characterization of differently heat-treated samples of DT706. Ex-situ SANS measurements performed at ambient temperature are presented here and are compared with similar measurements previously made on INCONEL 706. [17] In-situ neutron scattering measurements, made from studying the phase transformations at high temperatures, will be presented separately. [18] I. EXPERIMENTAL
A. Material and Heat Treatments
Material used for this study was sectioned from a forged bar of DT706 manufactured by Saarschmiede GmbH (Völklingen, Germany). The chemical composition of the alloy is given in Table I (for comparison, the chemistry of  INCONEL 706 and of INCONEL 718 are listed, too) . The double-melted ingot, vacuum-induction melted (VIM) and vacuum-arc refined (VAR), was forged (final dimensions of the bar: 65 ϫ 30 ϫ 900 mm) and heat treated, conforming to the cycle indicated as "MST-1" in Table II . This heat treatment is derived from the so-called modified stabilization treatment (MST), developed by Müller and Rösler, [11, 12] and is reported to increase the creep-crack growth resistance in INCONEL 706 by almost three orders of magnitude, compared to the standard stabilization treatment (ST) cycle recommended by Inco Alloys. Therefore, the MST treatment is particularly suited for those components that are designed for long service life, which, in land-based turbine applications, may be up to 200,000 hours.
In order to broadly characterize the different microstructural features in DT706, different experimental heat treatments have been tested. Samples selected for ex-situ SANS measurements were heat treated according to a two-step (solutioning ϩ aging) or a three-step (solutioning ϩ stabilizing ϩ aging) cycle, as reported in Table II . The precipitation aging step, comprised only of a single aging at 993 K (instead of the double aging at 993 and 893 K, followed for INCONEL 706), [3] was used as the lower-temperature aging, which is mainly responsible for the stabilization of ␥ Љ phase in INCONEL 706; [17] this step was thought to be unnecessary in ␥Ј-stabilized DT706. Although the MST-1 and MST cycles are nominally similar, the cooling rates, from the stabilization temperature to ambient temperature and from the aging temperature to ambient temperature, are different. The exact cooling rates of the MST-1 heat treatment (performed by the alloy manufacturer on the forged bar) are unknown. On the contrary, the cooling ramp from Ϸ1250 K to room temperature, representative of all heat treatments performed in the laboratory furnace (on small samples), was measured and is shown in Figure 2 . Also, four additional specimens were used for electron microscopy (EM) investigations only. Three of them were quenched in water after different exposures (4, 10, and 24 hours) at 1108 K (the stabilization temperature of the MST cycle); a fourth sample was treated with a modified three-step cycle similar to MST, but with the -stabilization step directly joined to the ␥Ј-precipitation step, with a cooling ramp of 10 K/min. The present results and discussions will show that the cooling rate plays a rather important role in controlling the morphology and distribution of the ␥Ј/␥ Љ particles. Similar behavior was found in a previous study of INCONEL 706. [17, 19] B. Metallography Specimens for SEM were prepared by conventional mechanical grinding and polishing. All samples were etched with the "V2A-Beize" mixture [20] at a temperature between 333 and 343 K. For SEM imaging of the double-aged (DA) sample, which contains extremely fine precipitates, the specimen was instead etched after polishing with a mixture of 100 mL distilled water, 100 mL HNO 3 (65 pct), 100 mL HCl (37 pct), and 3 g of MoO 3 (85 pct) at ambient temperature. Foils for TEM were cut, punched to a 3-mm diameter, and twin-jet polished at 258 K with a solution of 30 mL ethyleneglycol monobutyl ether, 63 mL ethanol, and 7 mL HClO 4 . A LEO 1550 GEMINI* SEM with a field-emission gun and in-lens *LEO and GEMINI are registered trademarks of Carl Zeiss SMT AG, Oberkochen, Germany.
detector, with a point-to-point resolution of 3 nm, and a PHILIPS* *PHILIPS is a trademark of Philips Electronic Instruments Corp., Mahwah, NJ.
CM 12 TEM, operating at an acceleration voltage of 120 kV were used for the microstructural studies.
Digital image analysis was performed on the TEM micrographs, to quantitatively determine precipitate parameters. For this purpose, the original gray-scale images were at first converted to binary images, using ADOBE PHOTOSHOP* *ADOBE AND ADOBE PHOTSHOP are trademarks of Adobe Systems Incorporated, San Jose, CA.
image-processing software, and then quantitatively analyzed, using the SCION IMAGE* software. Details of the image *SCION IMAGE is a trademark of Scion Corporation, Frederick, MD.
analysis are described in Reference 21.
Additionally, the Vickers hardness of the samples was measured according to EN 6507-1. A load of 98.1 N, applied for 30 seconds, was used.
C. The SANS
Measurements of neutron scattering were carried out at the SANS II instrument of spallation induced neutron source (SINQ) user laboratory of the Paul Scherrer Institute (Villigen, Switzerland), [22] which is equipped with a two-dimensional (2-D) position-sensitive detector. Samples in the form of platelets (12 ϫ 12 ϫ 2 mm) were measured at room temperature. The scattering data were collected at several geometries (the sample-to-detector distance varied from 1 to 6 m and the neutron wavelength from 4.55 to 19.6 Å). The covered range of the scattering vector Q was 2 ϫ 10
), where the magnitude
and k are the wave vectors of incident and scattered neutrons, respectively; and , due to the elastic scattering. The measured raw data were corrected for background scattering and calibrated to the absolute scale.
The SANS results were also used to calculate microstructural parameters of the ␥Ј-precipitate phase. Collected scattering data were processed with an analysis technique developed by Strunz et al., [23] based on the simulation of a scattering profile generated from a three-dimensional (3-D) microstructural model of a particle system. Thus, the modeled scattering curve also contains the interparticle-interference effect. The calculated profile is then matched with the experimental curve, in order to find the microstructural parameters (i.e., the size and the center-to-center distance of the ␥Ј particles) that best fit the experimental data. The model used approximated the ␥Ј shape to that of a cuboidal particle with rounded edges, in agreement with the indication obtained from the TEM image analysis.
The scattered intensity of the neutrons is proportional to the square of the scattering contrast ⌬ (i.e., the difference of the scattering-length densities between precipitate and matrix phases, as in, for example, Reference 24). The scattering contrasts of the ␥Ј, ␥ Љ, and phases, with respect to the ␥ matrix, were calculated on the basis of the chemical composition estimated from thermodynamic simulations. These simulations were performed with the aid of the THERMO-CALC* software *THERMO-CALC is registered trademark of Thermo-Calc Software AB, Stockholm, Sweden.
on an HP workstation,* according to the procedure described *Details about the computational analysis of the chemical composition are given in Ref. 1. by Saunders et al., [25] using the NI-DATA version 6 database (Thermotech Ltd., Guildford Surrey, UK). The estimated phase compositions are listed in Table III. The nominal contrast ⌬ is 8.1 ϫ 10 9 cm
Ϫ2
, in the case of the phase and 2.7 ϫ 10 9 cm
, in the case of the ␥Ј phase. On the other hand, the ␥ Љ phase exhibits much lower nominal contrast: 0.8 ϫ 10 9 cm
. Thus, separation of the contribution of individual phases in ␥Ј/␥ Љ polydisperse coprecipitates is practically impossible. Therefore, only the ␥Ј part of the coprecipitate is modeled during the SANS data analysis. One should also keep in mind that the calculation from nominal compositions is only approximate, as small variations in the real phase composition can lead to a variation in the scattering contrast. The given values thus represent only an
estimation of the scattering contrast, as the real compositions of the individual phases may differ from those reported in Table III . This uncertainty prevents the exact determination of the absolute volume fractions from the absolute value of the scattered intensities, and can also complicate the separation between the -and ␥Ј-phase scattering.
III. RESULTS
In order to facilitate the comprehension of the microstructures in the different heat-treatment conditions, the metallographic analysis is presented before the SANS results.
A. The EM and Image Analysis
An overview of the DA sample is shown in Figure 3 (a) by a low-magnification SEM image. Only a few blocky metal carbon (MC)-type carbides and titanium nitrides are visible. The grain boundaries are smooth and generally free of any precipitates. Figure 3(b) shows a SEM micrograph taken at 300,000 times magnification. Surprisingly, the presence of intracrystalline precipitates is hard to detect, even with the high-resolution SEM. Nevertheless, a dispersion of extremely fine particles can be perceived. A detailed investigation of these particles was only possible by means of TEM. A highresolution TEM image in the [110] beam direction is shown in Figure 3(c) . A lattice-resolved image can be seen, in which the central region (bright area) has a different lattice structure than the surrounding matrix. An ordered precipitate (ϳ5 nm in size) embedded in the matrix is clearly visible (Figure 3(c) ). The corresponding selected-area diffraction (SAD) pattern (Figure 3(d) ) indicates weak superlattice reflections from the L1 2 ␥Ј phase. This proves the presence of ␥Ј precipitates in the microstructure.
The specimens that were given the stabilization treatment show a markedly different microstructure compared to the DA sample. The low-magnification SEM images presented in Figure 4 reveal that the ST, MST, and MST-1 specimens share a common feature, i.e., their grain boundaries are decorated with precipitates. The grainboundary decoration, however, is less pronounced in the ST condition (Figure 4 [26] A schematic representation of the diffraction pattern of the superposed spot patterns of the matrix ␥ phase, the ␥Ј, and the three variants of the ␥ Љ precipitates in this orientation, is shown in Figure 1 . Dark-field Fig. 1(b) ). Fig. 1(b) ). Fig. 1(b) ). (DF) micrographs in Figures 6 through 8 are taken, using one of the {110}-type ␥Ј and ␥ Љ reflections, thus revealing all ␥Ј precipitates, but only one of the three variants of the ␥ Љ precipitates. Dark-and bright-field image pairs indicate that, in contrast to the DA specimen, the precipitation of the ␥ Љ phase is clearly evident in all three-step heat-treated specimens. However, the precipitates in the ST and MST samples show only ␥Ј/␥ Љ coprecipitates of the compact type, while both compact and noncompact morphologies of the coprecipitates (schematically shown in Figure 1 ) are visible in the microstructure after the MST-1 treatment. Interestingly, the structure of the MST-2 specimen is very similar to that of the MST-1 specimen, and also presents a bimodal distribution of ␥Ј/␥ Љ coprecipitates ( Figure 5(d) ). On the contrary, an EM investigation of the water-quenched (WQ) specimens revealed the presence of the ␥Ј phase only. Figure 9 compares the microstructures of the WQ samples after different stabilization times. During the exposure at 1108 K, the ␥Ј particles coarsen and the interparticle distance increases. At this temperature, no precipitation of ␥ Љ was found, even after 24 hours (refer to the SAD pattern in Figure 9 (c)), but an increasing fraction of transcrystalline ␥Ј tends to transform in acicular , as shown in the microstructure of the WQ-24 sample in Figure 4 (d). Digitized DF images are used for the quantitative evaluation of the ␥Ј particle size (i.e., the diameter of the precipitates), by means of the image analysis technique. The particle sizes in the DA specimen, which did not clearly resolve the ␥Ј particles in the DF image, could not be measured. The results of the particle-size measurement in the other conditions of heat treatment are summarized in Table IV . The respective mean ␥Ј particle size increases from the ST to the MST and MST-1 conditions. While the particles in the MST sample are only 14 pct larger than those after the ST treatment, they are 60 pct larger in the MST-1 condition. The particle-size distribution is presented graphically in Figure 10 . The hardness results, expressed in hardness vickers (HV) units, are also listed in Table IV .
B. Neutron Scattering
The results of the neutron-scattering measurements at room temperature from the differently heat-treated samples (except for the WQ and MST-2 samples) are presented in Figure 11 . The diagram shows the scattering cross-section d⌺/d⍀ (proportional to the intensity) [24] plotted as a function of the scattering-vector magnitude Q. Each sample shows a distinct profile, with indications of interparticle-interference peaks at different Q values. The data can be interpreted following the EM investigations and earlier observations on similar SANS investigations of INCONEL 706. [17] The sample that was not subjected to the stabilization heat-treatment step (i.e., the DA sample) is the only one to show increased scattering in the high-Q region (i.e., at Q Ͼ 0.03 Å
Ϫ1
). The observed peak can be interpreted as a result of interparticle-interference originating from the distribution of very fine ␥Ј particles. The mean interparticle distance is estimated to be about 13 nm. At low Q values, the DA sample yields only a Q Ϫ4 scattering background, coming from largescale inhomogeneities such as carbides and nitrides.
In contrast, samples that were subjected to an stabilization heat treatment (i.e., ST, MST, and MST-1) exhibited a pronounced scattering at low Q values only (between 0.003 and 0.03 Å Ϫ1 ) ( Figure 11 ). Scattering at low Q denotes the presence of larger inhomogeneities in the material. However, due to the scattering from the carbides and nitrides mentioned earlier, an evident maximum, similar to the maximum for the DA sample, does not appear. Nevertheless, the excess scattering itself (when the Q Ϫ4 scattering background is subtracted) exhibits such a maximum, as does the scattering from ␥Ј precipitates in the DA sample. The scattering-profile ST is distinct from MST and MST-1, suggesting that the corresponding microstructures are quantitatively different. The ST sample shows significant scattering, which reveals an interparticle-interference maximum at Q Ϸ 0.01 Å Ϫ1 . The MST and the MST-1 curves look similar, but the interference maxima are shifted toward lower Q values (Ϸ0.009 and Ϸ0.007 Å Ϫ1 , respectively) indicating a larger interparticle distance between the intergranular precipitates. The extra scattering can be ascribed to the presence of large plates or to the ␥Ј/␥ Љ-particle system. Some arguments exist, however, in favor of ␥Ј/␥ Љ precipitates, as follows. (a) The ␥Ј/␥ Љ system detected by the EM investigations should have a significant contribution to the scattering shown in Figure 11 . (b) The volume fraction of ␥Ј/␥ Љ precipitates is higher than that of , and the distance between the plates observed in the micrographs (Figure 4 ) does not fit to the position of the interparticle-interference scattering maximum. (c) It is also known from our in-situ SANS measurements [17, 18] that precipitation is hardly visible on cooling from the solution-treatment temperature (only a slight increase at the lowest Q-values was recognized) over the scattering from carbides and other large inhomogeneities. It means that either the real scattering contrast of is lower than the calculated nominal one, or the volume fraction of is significantly lower than that of the ␥Ј/␥Љ precipitates.
It is, therefore, assumed that the extra scattering in the various samples mainly arises from the ␥Ј/␥Љ precipitates. Moreover, it is assumed that the ␥Љ phase does not contribute to the scattering intensity, due to the low-scattering contrast.
The SANS data were computationally analyzed in order to extract some quantitative information. The log-normal size distribution of spherical particles was used to approximate the size distribution of the ␥Ј precipitates. As in case of the image analysis, the diameter of the spheres was taken as the particle size. The 3-D models used for the scattering simulations are presented in Figure 12 . The results of the fitting analysis for the Q-range containing the interparticle-interference peaks are reported in Table IV and in Figure 13 . It can be noted that the scattering profiles simulated from the model are very close to the experimentally-measured curves (the latter are represented by symbols in Figure 13 ). This indicates that the models used describe sufficiently well the precipitate microstructure observable by SANS. The evaluated mean size distribution of precipitates from the SANS analysis is shown in Figure 14 . In addition to the mean particle size, two other microstructural parameters, namely, the interparticle distance and the volume fraction of the ␥Ј phase, are also determined. All the parameters, evaluated numerically from the optimum 3-D model, are listed in Table IV . The particles are very closely spaced in the DA sample (about 13 nm), and progressively more widely spaced in the ST, MST, and MST-1 conditions (Ϸ55, Ϸ80, and Ϸ100 nm, respectively). The volume fraction was not determined from the absolute intensity of the scattering (due to the uncertainties in the scattering contrast), but exclusively from the geometry of the optimum 3-D model. The scattering contrasts calculated from the SANS data, using the absolute intensity of scattering and the geometrical volume fraction for the individual samples, are reported in Table IV , as well. The scattering contrast calculated in this way for the DA sample is significantly higher than the nominal scattering contrast; it matches better, however, for all other samples.
IV. DISCUSSION
The results presented here are derived from the microstructural characterization of DT706 at ambient temperature after the various heat-treatment cycles. From a previous study on INCONEL 706, [17] it is known that significant microstructural changes may occur during holding at heat-treatment temperatures and on cooling from a high temperature. That is to say, even for the same heat-treatment step, slightly different cooling rates can significantly alter the final microstructure. This is the main reason why MST and MST-1 are designated as two different cycles in this study, although the heat-treatment steps, with respect to temperature and time, are the same in both cycles. In order to ease the discussion, the precipitation behavior in DT706 is divided into two parts, according to the particular precipitate types that form in the alloy during a given heat-treatment step. The formation of the phase occurs at relatively high temperatures, while the ␥ Љ precipitates form at low temperatures. The ␥Ј precipitation overlaps the temperature regime of both these phases; however, the ␥Ј solvus is lower than that of the phase. Finally, the formation of the compact-type coprecipitate in DT706 is discussed in the context of the published results in IN718 alloys.
A. Precipitation during the Stabilization Step
The intermediate stabilization step between solutioning and aging in the heat-treatment cycle of INCONEL 706 is to promote a certain fraction of the phase in a temperature region above the ␥Ј/␥ Љ solvus. However, due to the compositional changes, which lead to higher solvus temperatures of the and ␥Ј phases in DT706, the stabilization temperatures tested in this study resulted in the formation of both precipitates. The stabilization step assumes, therefore, a different role in the microstructural design of this alloy.
The observations in the WQ samples are useful in analyzing the precipitation and coarsening process of the ␥Ј particles at 1108 K. After holding for 4 hours, a uniform dispersion of cuboidal ␥Ј particles with a narrow size distribution can be detected (Figure 9(a) ). The mean size of ␥Ј in this condition is Ϸ40 nm, but it grows to Ϸ50 nm and, finally, Ϸ60 nm after 10-and 24-hour holds, respectively ( Figures  9(b) and (c) ). The interparticle distance, the mean size, and the size distribution rapidly evolve with increasing stabilization times, while the sample hardness drops continuously (Table IV) . This indicates that the microstructure after 10 hours is already overaged. It is worth observing here that the ␥Ј size distributions are comparable in the WQ-10 and MST samples (Figures 9(b) and 7(a), respectively) . The results of the bulk-method analysis (SANS) agree well with the microscopic measurements (compare Figure 14 with Figure 10 ). The scattering contrasts calculated from the SANS data for the ST, MST, and MST-1 samples, using the absolute intensity of scattering and the geometrical volume fraction for the individual samples (Table IV) , gradually decrease with the increasing volume fraction. This tendency is probably due to a change of the ␥-matrix or of the ␥Ј-precipitate composition during the coarsening mechanism.
Unfortunately, the precipitation could not be unambiguously examined by neutron scattering, either due to the low volume fraction of the relative to the ␥Ј precipitates, or because the scattering contrast from the is too low. Thus, for the evaluation of the -phase microstructure, the analysis mainly depends on the EM investigation. Thestabilized samples of DT706 can be distinguished between the standard (ST) and the modified (MST, MST-1, and MST-2) structures. Akin to INCONEL 706, the precipitation observed in DT706 is essentially intergranular, but the volume fraction of seems larger than in similarly heattreated samples of INCONEL 706. Nevertheless, differences in the morphology of grain-boundary , between the standard and the modified heat treatments (Figure 4 ) are significant. Although the intercrystalline plates are predominantly discontinuous in both the ST and the MST structures, the grain boundaries of the samples stabilized at 1108 K (modified cycles) are often characterized by the precipitation of additional large nodules of lamellae, the length of which sometimes extends to several microns. The volume of cellular precipitates essentially accounts for the estimation of the higher fraction in the MST samples, as compared to the ST structure. In addition, a minor fraction of transcrystalline is also present in the stabilized samples. The transcrystalline needles often result from the transformation of the ␥Ј phase, and can only take place during the final stages of the stabilization step. In fact, after a 4-hour hold at the lower stabilization temperature (WQ samples) the transformation is practically not observed, but it is visible after 10 hours, and is pronounced in the specimen exposed for 24 hours, as shown in Figure 4(d) .
B. Precipitation during the Aging Step
The comparison of the microstructures after the lowertemperature treatment reflects the effect of the compositional differences between INCONEL 706 and DT706, as compared to the precipitate morphologies of the /␥Ј system at the higher temperatures. At first, the two-step heat-treated samples in these two alloys are considered. The microstructure of the DA sample in the DT706 sample exhibits (refer to the SANS data in Table IV ) a very low volume fraction (Ͻ5 pct) of ␥Ј particles, with very small sizes (Ϸ5 nm) and small interparticle distances (about 13 nm). The ␥Ј mean size in the DA sample is about 10 pct of the precipitate size in the samples after the three-step heat treatment. The scattering contrast calculated from the SANS data, using the absolute intensity of scattering and the determined geometrical volume fraction for the DA sample (having the lowest ␥Ј volume fraction), is significantly higher than the nominal scattering contrast estimated on the basis of the theoretical composition of ␥Ј and ␥ phases (Section II). These results clearly show that the ␥Ј precipitates at 993 K, and after 8 hours of holding, are still in the early stage of growth. In comparison, the microstructure of the INCONEL 706 sample subjected to a similar aging heat treatment revealed a fine dispersion of both ␥Ј and ␥ Љ phases in the form of non-compact-type coprecipitates (sample IDA-1 in Reference 17.) On one hand, this indicates that the stability of the ␥Ј phase (over ␥ Љ) in DT706 has increased, probably as a result of the enhancement of the (Al ϩ Ti)/Nb ratio. On the other side, it also suggests that the precipitation and growth kinetics of ␥Ј at 993 K may be sluggish in DT706.
The effect of aging at 993 K on the microstructure is considerably different if the samples are pre-exposed to the stabilization step. It was observed that the ␥Ј phase precipitates and coarsens during the stabilization hold at the higher temperature, but that no precipitation of the ␥ Љ phase occurs in that stage. As the final structures of all three-step treated samples show evidence of the ␥ Љ phase, it becomes evident that precipitation of the ␥ Љ in DT706 does occur (i.e., the g¿ S h Fig. 15 -The S-R diagram. The shaded area represents the alloy composition regime in which the compact-type ␥Ј/␥Љ coprecipitates form, according to Andrieu et al. [27] Note that the composition of INCONEL 706 and DT706 fall out of this area, although compact ␥Ј/␥Љ is observed in these alloys (refer to text for more details).
stability of ␥ Љ is not completely suppressed), but that it is subordinate to the existence of ␥Ј particles in the microstructure. In effect, ␥ Љ precipitates are always associated with ␥Ј particles in DT706, while the homogeneous nucleation of the ␥ Љ phase is never observed. This is in contrast to IN706, in which large, single-phase ␥ Љ precipitates are observed after the three-step heat treatments. [17] Further, in MST-1 and MST-2, the final structures exhibit a bimodal distribution of ␥Ј/␥ Љ coprecipitates (both compact and noncompact morphology), compared to the unimodal distribution (only compact morphology) of the ST and MST samples. It is important to recall that the cooling rate of the MST-1 sample from the stabilization temperature is unknown (Section II) and is probably slower than the MST sample, because the MST-1 heat treatment was performed on a larger forged bar. On the other hand, the ST and the MST cycles are both more rapidly cooled (air cooled) from the stabilization temperature than is the MST-2 sample, which was slow cooled in the furnace (10 K/min). The distinction in the coprecipitate morphology in the MST-1/MST-2 and ST/MST samples may, therefore, be a result of the different cooling rates from the stabilization temperature. In particular, a comparison of the MST and MST-2 samples (which were cooled from the stabilization to the aging temperature at the rate of ϳ400 and 10 K/min, respectively) suggests that secondary ␥Ј precipitates form (in addition to the primary ␥Ј precipitates formed at the stabilization temperature) between the temperature range ϳ1100 and 1000 K, on slow cooling only. The presence of smaller secondary precipitates will influence the morphology of the ␥Ј/␥ Љ coprecipitates, as discussed next.
C. The Development of ␥Ј/␥Љ Coprecipitates during the Aging Step
During the aging step (at 993 K) of the three-step heattreated samples, ␥ Љ coats the ␥Ј particles, which gives rise to the formation of compact coprecipitates, when ␥ Љ forms on the cube facets of the larger primary ␥Ј, or of noncompact coprecipitates, when the smaller secondary ␥Ј is sandwiched between the ␥ Љ (i.e., only in the MST-1 and MST-2 samples). The extent to which ␥ Љ coats the ␥Ј precipitates is not uniform, but seems to depend on the size and shape of the ␥Ј particles.
The development of compact ␥Ј/␥ Љ coprecipitates in modified INCONEL 718 alloys has been investigated in the past, [5, 13, 27] and this morphology of coprecipitates has proved to be very stable on prolonged aging in the temperature range between 923 and 1023 K. It is of particular interest to relate the present results to the model proposed for the formation of compact-type ␥Ј/␥ Љ coprecipitates. First, Cozar et al., [5] and later Andrieu et al., [27] explained that the formation of compact coprecipitates is a result of a combination of compositional and heat-treatment factors. One important requisite for the formation of compact-type coprecipitates is that the (Al ϩ Ti)/Nb ratio of the alloy is higher than 0.9 to 1. [5] Nonetheless, the aging treatment must allow the formation of isolated ␥Ј particles larger than 20 nm before the start of the ␥ Љ precipitation. [5] The ST and MST specimens of DT706 meet both these requirements (refer to the composition in Table I, the sizes in Table IV , and Sections A and B), and in accord with Cozar's theory, their microstructures show the presence of compact coprecipitates only. In the MST-1 and MST-2 samples, additional noncompact coprecipitates are formed over the secondary ␥Ј particles, which are generally smaller than 20 nm. This datum also agrees with the critical size of the ␥Ј needed for the realization of the compact morphology proposed by Cozar et al. [5] However, when the compositional requirements are considered, the present results seem to be in apparent contradiction to those published by Andrieu et al. [27] In their study, several experimental alloy compositions are plotted in an S-R diagram (S ϭ Al ϩ Ti ϩ Nb and R ϭ the (Al ϩ Ti)/Nb ratio as discussed earlier, both in at. pct). The authors showed that the alloys that form the compact coprecipitates must lie within a specific band in this diagram. The chemistry of alloy DT706 falls out of this band in the S-R diagram (Figure 15 ), due to a relatively high R value (R ϭ 1.9). This disagreement may be discussed within two considerations. First, the coprecipitates formed in DT706 result, in fact, from a double aging treatment (i.e., stabilization ϩ aging step), while the points plotted in the S-R diagram in Reference 27 correspond to the structure after a single aging treatment. Second, no composition lying out of the aforementioned band on the right-hand side (high R values) was tested by Andrieu et al., to show that the compact morphology does not originate in alloys from this region. It may be further noted that the (S,R) point relative to the INCONEL 706 composition also lies over the compact morphology boundary in Figure 15 , but the formation of compact coprecipitates was observed in this alloy. [17, 19] It is, however, clear that the alloy composition and the prior ␥Ј size is critical to the formation of ␥Ј/␥Љ coprecipitates.
V. CONCLUSIONS
Microstructural investigations by means of ex-situ SANS and EM were performed on DT706, a 706-type Ni-Febase superalloy. The DT706 composition is derived from INCONEL 706, and was designed to stabilize the ␥Ј phase over the ␥Љ phase. The results show that the compositional changes have induced significant alterations in the precipitation behavior, due to the higher (Al ϩ Ti)/Nb ratio of DT706. The following conclusions may be drawn.
1. During the stabilization step, an enhanced precipitation of ␥Ј phase occurs, in comparison to INCONEL 706. Longer stabilization times lead to a rapid overaging of the ␥Ј particles. 2. Precipitation of the ␥ Љ phase at temperatures above 973 K is generally retarded. At 993 K, only the heterogeneous precipitation of ␥ Љ on existing ␥Ј particles occurred. 3. The formation of the thermally-stable, compact-type ␥Ј/␥ Љ coprecipitates is possible in DT706. Noncompact coprecipitates form on secondary ␥Ј precipitates obtained by slow cooling from the stabilization temperature to the aging temperature. 4. Different cooling rates can consistently alter the volume fraction and the morphology of the precipitates, with evident repercussions on the alloy strengthening.
In-situ SANS measurements at high temperatures are necessary for examining the high-temperature microstructural changes in more detail. Such experiments were performed on DT706, and the results will be published in a followup publication. The presented ex-situ results and their comparison with EM resulted in the creation of a microstructural model that can be used for the evaluation of high-temperature in-situ SANS curves for which no help from a direct imaging method can be received.
